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HIGHLIGHTS 


•  Oblique  angle  electron  beam  deposition  is  used  to  form  well-aligned  CuSi  nanorods. 

•  The  adhesion  of  the  film  is  improved  by  a  prior  deposition  of  the  non  porous  film. 

•  The  nanocolumnar  morphology  improves  the  electrochemical  performance  of  the  anode. 

•  XPS  analyses  reveal  changes  in  SEI  depending  on  the  thin  film’s  states  of  charge. 

•  An  electrochemical  dilatometer  is  first  used  to  measure  the  volumetric  changes. 
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The  relations  between  the  morphology  and  electrochemical  performance  of  the  thin  film  anodes  made  of 
copper  and  silicon  are  investigated.  A  well-aligned  nanorods  containing  composite  thin  film  and  a 
composite  thin  film  with  no  alignment  in  its  structure  are  fabricated  by  electron  beam  deposition. 
Galvanostatic  half-cell  measurements  show  that  the  well-aligned  anode  exhibits  a  longer  cycle  life  with  a 
moderate  capacity  due  the  particularities  in  its  composition,  structure  and  morphology:  Cu  in  the  films 
buffers  the  mechanical  stress  occurred  during  lithiation  and  the  existence  of  amorphous  and  nano-sized 
particles  enhances  cycleability.  Moreover,  the  nanorods  formation  in  the  thin  film  increases  the  contact 
area  of  the  anode  with  Li  and  decreases  the  polarization  on  the  electrode  surface.  Plus,  the  homogenously 
distributed  nano-sized  interspaces  among  these  nanorods  enhance  the  mechanical  tolerance  of  the 
electrode  against  volumetric  changes. 

In  this  work,  the  electrodilatometric  analysis  is  also  accomplished  to  measure  the  volumetric  changes 
occurred  upon  cycling  of  the  well-aligned  nanorods  containing  thin  film  anode,  and  the  difference  in  the 
electrochemical  performances  of  the  composite  films  resulting  from  different  substrate  position  versus 
crucible  is  evaluated  based  on  the  X-ray  photoelectron  spectroscopy  (XPS)  analysis  on  the  cycled 
samples. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  development  on  the  lithium  ion  battery  (LIB)  technology  is 
highly  required  to  improve  the  use  of  the  effective  energy  storage 
devices.  Within  this  concept,  there  is  a  great  commercial  interest  in 
developing  advanced  electrode  material.  Knowing  that  negative 
electrode  is  the  main  contributor  to  the  cell’s  overall  electro¬ 
chemical  performance  and  silicon  (Si)  is  one  of  the  most  abundant 
elements  on  earth,  this  study  focuses  on  improving  electrochemical 
performance  of  Si  based  materials  used  as  negative  electrode 
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material  in  LIB.  In  fact,  it  is  well  known  that  the  large  volume 
expansion  (400%)  encountered  during  the  alloying  of  Si  with  Li  and 
the  eventual  pulverization  of  anode  is  the  main  disadvantage  of  the 
Si  based  anode  materials,  which  restricts  their  wide  usage  in  LIB. 

To  enhance  the  use  of  such  Si  based  electrodes,  researchers 
investigate  the  effects  of  electrode  compositions  and  microstructural 
morphologies  [1  .  In  literature,  to  provide  a  longer  cycle  life  to 
an  electrode,  some  scientists  add  a  limited  amount  of  copper  (Cu) 
into  silicon  (Si)  anode  [2,3  .  Cu  is  particularly  chosen,  because  it 
has  a  superior  conductivity  and  good  solubility  in  Si,  which  in 
turn  improves  the  electrical  conductivity  as  well  as  the  mechanical 
flexibility  of  the  deposited  film  and  its  binding  to  Cu  current  collector 
[4].  However,  deciding  the  amount  of  Cu  added  into  the  Si  anode  is 
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a  challenging  task.  Because,  even  though  Cu  increases  the 
cycleability  of  the  Si  anode  for  the  above  mentioned  reason,  the 
theoretical  capacity  of  the  anode  decreases  due  to  electrochemically 
inactive  behavior  of  Cu.  Therefore,  an  optimization  about  the  Cu 
content  has  been  done  previously,  where  the  best  result  has  been 
achieved  by  forming  90%at.Si-10%  at.Cu  containing  anode  material. 
In  addition  to  this,  recently,  some  researchers  work  on  decreasing 
the  particle  size  of  the  electrode  [5-7]  because  it  is  believed  that  a 
nano-sized  composite  anode  will  have  a  higher  electrochemical 
performance.  However,  during  cycling,  the  nanoparticles  merge  due 
to  their  high  surface  energy  (electrochemical  sintering)  to  form 
dense  blocks  which  are  unable  to  take  part  in  the  electrochemical 
reaction  [8].  Therefore,  the  particle-particle  interaction  in  the 
electrode  material  should  be  avoided  not  only  compositionally  but 
also  geometrically. 

The  production  of  Cu-Si  nanorods  in  thin  films  could  prevent 
“the  electrochemical  sintering”  problem,  due  to  their  unique 
morphology.  The  interstitial  space  among  these  nanostructures 
(nanorods)  is  expected  to  avoid  sintering  and  minimize  macroscopic 
mechanical  stresses  arising  during  the  insertion  and  removal  of  Li+, 
so  as  to  preserve  electrode  integrity.  Moreover,  these  free  spaces 
among  the  nanorods  provide  large  active  sites  to  accommodate 
lithium  (Li+)  and  generate  an  easy  route  for  the  electrolyte  to  access 
the  entire  anode  surface,  which  in  turn  improves  capacity  delivered 
by  electrodes  [9,10  .  In  2011,  Ryuetal.  prove  that  the  nanostructured 
electrodes  improve  the  cycle  life  (nanorod’s  diameter  <  300  nm) 
because  of  the  fast  Li+  diffusion,  which  reduces  polarization  and 
creates  small  stresses  along  the  film  upon  cycling  [9  . 

So  far,  in  order  to  have  Si  nanorods,  laser  irradiation  of  silicon 
surface  [11  ,  chemical  vapor  deposition  of  SiH4  12,13  and  lithog¬ 
raphy  based  ion  etching  methods  14]  were  used.  Oblique  angle 
deposition  (OAD)  via  electron  beam  evaporation  method  has  also 
taken  attention.  Because  in  such  an  evaporation  method,  it  is 
possible  to  avoid  the  hazardous  flammable  handling,  explosive  or 
cancerogenous  metal  nanoparticles.  In  addition,  OAD  enables  direct 
deposition  of  the  well-aligned  inclined  nanorods  on  a  current  col¬ 
lector,  eliminating  the  need  of  binder  or  conductive  additives  to  get 
homogeneously  distributed  porosities  in  thin  films,  which  ensures 
the  direct  transportation  of  electrons;  hence  a  fast  Li+  diffusion 
through  their  controllable,  small  diameters  15]. 

The  mechanism  of  the  nanorods  formation  during  the  OAD 
method  has  been  studied  previously.  The  results  show  that  it  is 
possible  to  control  the  orientation  of  the  nanorods  growth  by 
changing  the  incident  flux  angle  because  the  electron  beam 
deposition  is  a  line-of  sight  process.  Therefore,  to  have  nanorods  in 
OAD  method,  the  substrate  position  should  be  fixed  to  receive  the 
evaporated  particle  flux  under  a  highly  oblique  angle_^0)  of  the 
substrate’s  surface  normal  (0  >  70°).  The  vapor  flux  ( F )  hits  the 
substrate  from  both  vertical  (Fj  =  F-cos0)  and  lateral 
(  F  //  =  F  sin  6)  directions:  the  vertical  component  (  F  j)  induces 
film  growth  and  the  lateral  component  (F//)  contributes  to  the 
shadowing  effect  [15  . 

Karabacak  et  al.  [16,17]  highlight  the  importance  of  this  “shad¬ 
owing  effect”  and  define  it  as  one  of  the  dominated  mechanism  that 
controls  the  oblique  angle  deposition,  competing  with  “surface 
diffusion  process”.  At  room  temperature  deposition,  since  the  sur¬ 
face  diffusion  rate  is  very  slow,  the  impinging  atoms  randomly  form 
islands  on  the  substrate,  when  such  growth  is  governed  by 
Volmer-Weber  or  Stranski-Krastanov  process.  As  deposition 
proceeds,  the  initially  nucleated  islands  act  as  shadowing  centers 
and  all  large  islands  receive  more  impinging  atoms  as  compared  to 
small  ones,  leading  to  inclined  nanocolumnar  film  growth,  where 
homogeneously  distributed  porosities  are  formed  among  the  in¬ 
clined  nanorods.  Thereby,  a  decrease  in  the  incident  flux  angle  (0) 
deteriorates  the  columnar  growth,  and  generates  a  non-aligned 


Table  1 

EDS  analyses  of  the  non-aligned  and  the  well-aligned  nanorods  containing  Cu— Si 
composite  thin  films. 


Non-aligned  Cu— Si  thin  film 

Nanorods  containing  well-aligned  Cu— Si 
thin  film 

Cu 

Si 

Cu 

Si 

at% 

wt%  at% 

wt% 

at% 

wt% 

at% 

wt% 

11.46 

22.67  88.53 

77.33 

8.81 

17.94 

91.19 

82.06 

(flat)  film  when  the  ©  is  0°.  Thus,  to  control  the  porosity  or  in¬ 
terspaces  the  incident  flux  angle  (0)  should  be  close  to  90°. 

Besides  the  incident  flux  angle  (0),  substrate  surface  roughness 
and  evaporation  source  composition  have  significant  impacts  on 
the  composition  and  the  morphology  of  thin  films,  which  in  turn 
affect  their  electrochemical  performances,  when  used  as  anodes  in 
LIB  [15-17]. 

Cracking,  pulverization  and  peeling  of  the  Si  based  thin  film 
from  the  underlying  current  collector  during  cycling  test  are  major 
problems  encountered  when  Si  based  films  used  as  anodes.  In 
literature,  different  methodologies  have  been  proposed  to  resolve 
these  problems:  one  is  to  engineer  a  nanostructured  compliant 
layer  below  or  above  thin  films  to  reduce  the  stress  [17  ,  another  is 
to  engineer  a  graded  composition  through  the  films  [18  . 

In  this  study,  the  oblique  angle  electron  beam  co-evaporation 
method  is  used  to  produce  well-aligned  Cu-Si  nanorods  contain¬ 
ing  thin  film.  In  order  to  enhance  the  electronic  contact  of  the  thin 
film  with  the  substrate  and  to  delay  aggregation  in  the  thin  film 
during  cycling,  first  a  layer  of  Ref.  [16]  a  non-aligned  (flat)  Cu-Si 
layer  is  deposited  before  the  well-aligned  nanorods  as  it  has  been 
done  in  our  previous  work  [19  .  Furthermore,  to  compare  the 
electrochemical  performances,  a  thin  film  with  no  alignment  in  its 
structure  is  also  produced.  XPS  analyses  of  both  anodes  at  different 
states  of  charges  (pristine,  1st  discharge  and  1st  charged  states)  are 
also  done  to  discuss  the  changes  in  the  electrode/electrolyte  in¬ 
terfaces  of  the  films,  depending  on  their  morphologies.  Finally,  an 
in-situ  electrochemical  dilatometer  is  used  to  measure  the  volu¬ 
metric  change  occurred  in  the  first  cycles  of  the  well-aligned 
nanorods  containing  composite  thin  film.  Among  alternative 
measuring  techniques  (in-situ  neutron  images  taken  during  cycling 
[20],  in-situ  strain  gauge  21  ,  in-situ  X-ray  22]  measurements  and 
atomic  force  microscopy  [23])  we  particularly  choose  this  method 
because  it  gives  accurate  information  about  non-periodic  strain 
similar  to  that  in  amorphous  phases  or  on  the  surface  of  the 
material. 

2.  Experimental 

The  non-aligned  and  the  well-aligned  Cu-Si  nanorods  con¬ 
taining  thin  films  were  deposited  on  copper  discs  (with  15.5  mm 
diameter  and  1.5  mm  thickness)  using  electron  beam  co-deposition 
technique.  In  addition  to  copper  (Cu)  discs,  a  pure  silicon  (Si)  wafer 
(20  x  10  mm2)  and  a  stainless  steel  (SS)  disc  (15.6  mm  diameter  and 
1  mm  thickness)  were  also  coated  during  the  experiments,  to 
measure  the  coating  thickness,  and  the  composition  of  the  thin 
films  accurately.  It  should  be  emphasized  that  the  Cu  and  Si  pellets 
were  put  together  in  a  graphite  crucible  prior  to  the  co-evaporation 
deposition  process,  where  their  ratio  (Cu/Si  weight  ratio)  was  1 :9, 
for  each  sample. 

During  the  experiment,  first  a  non-aligned  thin  film  was 
deposited  on  a  Cu  substrate  with  an  incident  flux  angle  of  0°.  Then, 
the  well-aligned  composite  nanorods  were  formed  when  the 
deposition  flux  hit  onto  the  substrate  surface’s  normal  with  an 
angle  of  80°  at  room  temperature. 
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Fig.  1.  Schematic  representation  of  electrochemical  dilatometer  (ECD-nano). 


The  deposition  flux  was  constant  (4  A  s_1)  during  the  overall 
process  and  the  base  pressure  in  the  vacuum  chamber  was  1CT7  Pa. 

The  composition  of  the  film  was  determined  by  energy  disper¬ 
sive  X-ray  spectroscopy  (Oxford,  EDS)  analysis  ( Fable  1 ).  The  weight 
of  the  thin  film  was  measured  by  using  (My  weight  ilOl)  micro¬ 
balance  before  and  after  the  coating  process.  Moreover,  the  active 
material  weight  in  the  thin  films  was  found  by  multiplying  the  total 
weight  of  the  coating  with  the  weight  percentage  of  the  active 
material  determined  through  EDS  analyses  (  "able  1 ).  This  value  was 
then  used  to  calculate  the  specific  capacity  delivered  by  anode 
materials. 

The  surface  morphologies  of  the  anodes  before  and  after  the 
electrochemical  tests  and  the  thin  film  thicknesses  were  looked  at 
by  utilizing  a  field-emission  scanning  electron  microscopy  (FE- 
SEM,  JEOL-JSM-7000F  and  JEOL-5410).  The  surface  roughness  of 
thin  films  prior  to  electrochemical  analyses  was  also  observed  via 
atomic  force  microscopy  (AFM,  with  Digital  Instrument  (DI) 
Controller  IV  under  dimension  3100  platform).  The  phases  exist  in 
the  pristine  were  determined  using  Philips-PW3710  System  with  a 
20  range  of  20-100  in  steps  of  0.05  (with  CuKa  at  40  kV  and  30  mA). 

Half  cells  were  assembled  as  2032  coin  cells,  in  an  argon-filled 
glove  box  (Mbraun,  Labmaster)  with  thin  films  as  test  electrodes, 
pure  Li  foil  as  counter  electrode,  and  porous  polypropylene  film 
(Celgrad  2400)  as  separator.  The  non-aqueous  electrolyte  used 
during  the  experiments  was  1  M  LiPF6  dissolved  ethylene  carbonate 
(EC)  and  dimethyl  carbonate  (DMC)  in  a  1:1  weight  ratio.  The  cells 
were  tested  at  room  temperature  and  operated  at  voltages  of 
50  mV-2.5  V  versus  Li/Li+  with  a  rate  of  50  mA  g-1.  Cyclic  vol¬ 
tammetry  (CV)  was  performed  in  the  potential  range  of  50  mV- 
2.5  V  versus  Li/Li+  at  a  scan  rate  0.03  mV  s-1  for  the  first  3  cycles; 
and  electrochemical  impedance  spectroscopy  (EIS)  was  accom¬ 
plished  in  frequency  range  of  10  mHz-10,000  Hz  at  1.2  V  with  5  mV 
rms  after  the  1st  and  the  25th  cycles  (Gamry  pci  4/750). 


To  determine  the  chemical  state  of  the  elements  present  on  the 
pristine  electrodes’  surfaces  and  investigate  the  charge-discharge 
products  formed  during  the  1st  cycle,  XPS  analyses  were  performed 
on  the  pristine,  the  1st  discharged  and  the  1st  charged  electrodes 
by  using  a  Kratos™  Axis  Ultra  DLD  surface  analysis  instrument.  The 
samples  were  prepared  for  the  XPS  analyses  by  disassembling  the 
coin  cells  in  an  argon-filled  glove  box  (Mbraun,  Labmaster)  and 
washed  with  DMC  to  remove  the  salt  from  the  electrode  surfaces. 
Prior  to  introduction  into  the  load-lock  vacuum  chamber  of  the  XPS 
instrument,  all  air-sensitive  samples  were  loaded  into  an  inert 
transfer  module  interfaced  with  a  particular  instrument.  The 
samples  were  prepared  in  an  argon-filled  glove  box,  with  no  more 
than  1  ppm  O2  and  1  ppm  H2O.  The  base  pressure  of  the  analysis 
chamber  during  these  experiments  was  3  x  10”10  Torr,  with  oper¬ 
ating  pressures  around  10-9  Torr.  Spectra  were  collected  with  a 
monochromatic  A1  Ka  source  (1486.7  eV)  and  a  300  x  700  micron 
spot  size.  Peak  position  was  further  corrected  by  referencing  the 
Cls  peak  position  of  adventitious  carbon  for  a  sample  (284.8eV,  PHI 
Handbook  of  Photoelectron  Spectroscopy ),  and  shifting  all  other 
peaks  in  the  spectrum  accordingly.  Data  fitting  was  done  by  using 
the  program  CasaXPS.  Each  relevant  spectrum  was  fit  to  a  Shirley 
type  background  to  correct  for  the  rising  edge  of  backscattered 
electrons  which  shifted  the  baseline  higher  at  high  binding  en¬ 
ergies.  Peaks  were  fitted  as  asymmetric  Gaussian/Lorentzians,  with 
0-30%  Lorentzian  character. 

Finally,  we  measured  the  expansion  occurred  in  the  well- 
aligned  Cu-Si  nanorods  containing  thin  film  electrode  by  an  elec¬ 
trochemical  dilatometer  [24].  The  schematic  representation  of  ECD- 
nano  was  given  in  Fig.  1.  The  cell  of  the  electrochemical  dilatometer 
was  given  with  a  closure  view  on  the  right  side  of  Fig.  1.  The  dila¬ 
tometer  cell  contained  two  electrodes  (working  electrode  and 
lithium)  separated  by  a  glass  frit.  An  aluminum  foil  current  collector 
was  placed  on  the  top  of  the  working  electrode  to  transmit  any 
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height  change  to  a  sensor/load  unit  placed  at  the  top  of  the  cell.  The 
dilatometer  cell  was  filled  with  electrolyte  in  the  argon-filled  glove 
box  (Mbraun,  Labmaster).  Before  the  test,  a  mechanical  load  of  1  N 
was  applied  onto  the  working  electrode,  then  measurements  were 
performed  in  a  temperature  controlled  cabinet  with  the  rate  of 
200  mA  g_1  between  50  mV  and  2.5  V.  The  test  cabinet  at  a  constant 
temperature  (29  ±  0.1  °C)  and  any  gas  evolution  was  prevented  by 
connecting  the  cell  to  atmospheric  pressure  via  a  capillary  tube 
(0.1  mm  inner  diameter,  lm  length). 

3.  Results  and  discussion 

The  surface  and  the  cross  sectional  views  of  the  non-aligned 
structured  and  the  well-aligned  nanorods  containing  Cu-Si 
thin  films  are  shown  in  Fig.  2a-d.  From  the  top  view,  a  homog¬ 
enous  morphology  is  noticed  for  both  samples  (Fig.  2a  and  c).  The 
thickness  of  the  non-aligned  thin  films  is  observed  to  be  around 
100  nm  (Fig.  2b).  On  the  other  hand,  the  SEM  image  shown  in 
Fig.  2d  reveals  that  the  well-aligned  and  tilted  Cu-Si  nanorods 
have  approximately  20  nm  of  diameters  and  100  nm  of  lengths. 
The  presence  of  the  nano-sized  interspaces  among  these  nano¬ 
rods  form  homogenously  distributed  porosities  (interspaces)  in 
the  well-aligned  structured  thin  film,  as  seen  in  Fig.  2c.  This 
regular  alignment  of  the  nanorods,  which  leads  to  porosities,  not 
only  facilitates  the  electrolyte  penetration  and  increases  the 
accessible  surface  area  of  the  anode  to  react  with  lithium  but  also 
decreases  the  polarization  and  enhances  the  mechanical  toler¬ 
ance  against  the  volumetric  change  occur  during  cycling.  On  the 
other  hand,  the  non-aligned  thin  film  is  made  of  small  sized 
particles,  packing  closely  to  each  other,  which  in  turn  limits  the 
reaction  of  Li+  with  the  surface  of  the  anode  material  (see 
Fig.  2a).  In  able  1,  EDS  analyses  reveal  that  both  films  contain 
similar  amount  of  silicon,  approximately  90%at.  independent 
from  their  morphologies. 


Fig.  3.  AFM  images  of  (a)  the  non-aligned  structured,  (b)  the  well-aligned  nanorods 
containing  Cu-Si  thin  films. 


Fig.  2.  FE-SEM  (a)  the  surface  (b)  the  cross  sectional  images  of  the  non-aligned  structured  film,  and  (c)  the  surface  (d)  the  cross  sectional  images  of  the  well-aligned  nanorods 
containing  composite  Cu-Si  thin  films. 
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Furthermore,  AFM  analyses  justify  in  Fig.  3a  and  b  that  the 
surface  roughness  of  the  electrodes  changes  depending  on  the 
presence  of  the  well-aligned  nanorods  in  the  thin  film.  The  for¬ 
mation  of  the  homogenously  distributed  Cu-Si  nanorods  issued 
from  the  restricted  and  the  directed  growth  of  the  thin  film,  forms  a 
high  surface  roughness  as  seen  in  Fig.  3b.  The  non-aligned  struc¬ 
tured  Cu-Si  thin  film  has  4.85  nm  whereas  the  well-aligned 
nanorods  containing  Cu-Si  thin  film  has  8.27  nm  surface 
roughness. 

The  structural  properties  of  the  electrodes  are  further  investi¬ 
gated  by  means  of  XRD  (Fig.  4). 

Knowing  that  the  film  thickness  has  an  influence  on  the  struc¬ 
ture  of  the  electrode,  films  with  a  thickness  around  100  nm  are 
fabricated  in  this  work  to  minimize  the  crystallization  and  the 
agglomeration  of  particles  during  the  deposition  25].  Thereby,  the 
formation  of  amorphous  and  nano-sized  crystalline  phases  noted 
on  both  samples  can  be  considered  as  an  outcome  of  the  experi¬ 
mental  parameters  (Fig.  4).  Additionally,  both  electrodes  demon¬ 
strate  the  presence  of  polycrystalline  orthorhombic  Qi3Si  particles, 
which  are  one  of  the  reasons  for  the  improved  electrochemical 
performances  of  these  anodes  compared  to  that  of  the  pure  Si. 
Moreover,  the  XRD  data  of  the  well-aligned  nanorods  containing 
Cu-Si  thin  film  demonstrates  a  Si  peak  at  56.122°,  which  is  origi¬ 
nated  from  the  Si  wafer  since  there  is  no  such  a  peak  detected  in  the 
XRD  data  of  the  well-aligned  Cu-Si  nanorods  containing  thin  film 
formed  on  a  Cu  disc  (the  data  is  not  given  here). 

The  existence  of  the  nanocrystalline  (a-Si)  and  amorphous  (a-Si) 
Si  particles  is  very  critical  for  the  electrochemical  performances  of 
the  electrodes  since  their  reactions  with  Li+  differentiate, 
depending  on  the  cell  potential  [26].  In  previous  studies,  the 
fundamental  understanding  of  their  Li+  insertion/extraction 
mechanisms  was  analyzed  by  using  in-situ  XRD,  SEM  and  high 
resolution  transmission  electron  microscopy  (HR-TEM)  [26-29]. 
The  results  show  that  during  Li+  insertion,  the  crystal  structure  of 
the  nano-sized  Si  particle  is  destroyed  and  converted  into  an 
amorphous  metastable  structure  (Li-Si)  according  to  the  “solid- 
state  amorphization  theory”  [28,29  ,  without  formation  of  any  in¬ 
termediate  phase.  This  amorphous  lithiated  Si  phase  prevails  up  to 
0.05  V,  then  a  new  crystalline  compound  (LiisSU)  is  formed  when 
the  cell  potential  decreases  to  lower  values  ( V  <  0.05  V).  Further¬ 
more,  during  Li+  extraction  crystalline  (on  the  anodic  side)  Lii5Si4  is 
converted  into  both  amorphous  and  crystalline  particles,  where  an 
internal  trapping  of  Li+  ion  occurs,  resulting  in  a  decrease  in  the 
specific  capacity  delivered.  On  the  other  hand,  Li+  insertion  into  an 

Non  aligned  structured  CuSi  thin  film 
- Well  aligned  CuSi  nanorods  containig  thin  film 


Fig.  4.  XRD  patterns  of  the  as-deposited  non-aligned  and  the  well-aligned  structured 
Cu-Si  thin  films. 


amorphous  Si  anode  forms  an  amorphous  lithiated  Si  product, 
which  is  converted  into  LiisSU  at  a  voltage  lower  than  0.05  V. 
Seeing  that  any  lattice  expansion  could  be  adequately  prevented  by 
eliminating  the  formation  of  the  two  phases,  the  latter  proves  the 
advantageous  of  using  amorphous  Si  particles,  since  Li+  diffusion 
paths  are  developed  in  the  amorphous  thin  film,  leading  to  a  higher 
electrochemical  performance. 

Moreover,  the  comparison  of  the  characteristic  peak  of  the  CusSi 
phase  (20  =  44.57°)  proves  that  both  films  are  made  of  nano-sized 
particles  but  the  aligned  one  has  smaller  sized  Cu3Si  crystallites  as 
the  characteristic  peak  is  broader  on  its  spectrum.  Flerein,  the  nano¬ 
sized  Cu3Si  presence  on  both  thin  films  is  very  important  since  it  is 
believed  that  the  high  electronic  conductivity  of  the  Cu3Si  alloy 
promotes  a  good  interparticles  electronic  conduction,  which  in  turn 
suppresses  the  Si  volume  changes  effectively.  In  Equation  (1),  the 
reaction  mechanism  of  the  Cu3Si  with  Li+  is  shown:  the  elemental 
Cu  formed  during  the  first  lithiation  reaction  would  act  as  a  buff¬ 
ering  matrix  to  minimize  the  destroying  effect  of  the  volume 
changes  due  to  LixSi  formation  (Equation  (1)).  This  lithiated  Si 
product  surrounded  in  the  conductive  Cu  matrix  enhances  the 
reversibility  of  the  charge/discharge  reactions,  which  intensifies 
the  cycle  stability  of  the  electrode,  eventually  [26,30  . 

xFi+  +  xe_  +  Cu3  Si  — >  FixSi  +  3Cu  — ►  3Cu  +  Si  +  xLi+  +  xe_  ( 1 ) 

The  Li+  insertion/removal  into  the  non-aligned  and  the  well- 
aligned  thin  films  are  investigated  by  CV  tests,  for  the  first  3  cy¬ 
cles  (Fig.  5a  and  b).  The  peaks  obtained  are  attributed  to  the  po¬ 
tential  dependent  formation  and  disappearance  of  LixSi  alloys  of 
different  compositions  and  structures.  The  comparison  between 
Fig.  5a  and  b  reveals  that  the  current-potential  characteristics  of  the 
non-aligned  film  are  slightly  different  from  that  of  the  well-aligned 
nanostructured  Cu-Si  film.  Moreover,  clear  differences  in  the  cur¬ 
vature  shapes  between  the  first  and  the  subsequent  cycles  are 
noted  for  the  non-aligned  thin  film  (Fig.  5a),  where  a  high  capaci¬ 
tance  effect  is  remarkably  recognized,  due  to  the  restricted  Li+ 
diffusion  by  the  electrode  surface.  The  first  discharge  (Li  alloying) 
process  of  the  non-aligned  film  shows  three  cathodic  peaks  at  the 
potentials  of  0.8,  0.5  and  0.25  V  (Fig.  5a).  The  first  cathodic  peak 
(around  0.8  V)  is  attributed  to  the  formation  of  the  solid  electrolyte 
interface  (SEI)  since  it  disappears  after  the  1st  cycle;  and  the  other 
two  represent  the  reduction  reactions  of  Si  and  Si02  particles,  to 
form  lithiated  products  (such  as  LixSi  and  L^O  31  ]).  No  Si02  peak  is 
detected  in  the  XRD  data  of  the  thin  films.  The  presence  of  the  CV 
peak  shows  the  reduction  reaction  of  Si02  with  Li+  might  be 
explained  by  the  nano-sized  morphology  of  Si02  particles  formed 
due  to  a  possible  oxidation  of  underlying  Si  atoms  in  the  thin  film. 
The  anodic  peak  detected  at  about  1.2  V  shows  the  oxidation  during 
the  delithiation  reaction.  After  the  1st  cycle,  the  cathodic  peak 
around  0.8  V  disappears.  The  CV  curves  of  the  2nd  and  3rd  cycles 
are  highly  overlapped  where  a  broad  cathodic  peak  around  0.6  V, 
and  a  sharp  peak  at  0.08  V  are  displayed.  This  proves  that  an  irre¬ 
versible  reaction  is  suppressed  by  maintaining  the  equilibrium 
state  after  the  1st  cycle,  because  some  reactions  go  on  the  non- 
aligned  Cu-Si  film,  although  the  SEI  film  prevails  after  the  first 
discharge  reaction. 

On  the  other  hand,  the  CV  curvatures  of  the  well-aligned  Cu-Si 
nanorods  containing  thin  film  (Fig.  5b)  prove  that  a  low  capacitive 
effect  exists  on  the  nanostructured  electrode  surface,  thus  Li+ 
diffusion  is  not  limited  by  the  surface  reaction,  it  can  diffuse 
through  the  bulk  material  during  the  cycle  test.  When  the  current- 
potential  characteristics  of  the  well-aligned  thin  film  for  the  first  3 
cycles  are  compared,  variations  in  the  number  of  peaks  and  their 
intensities  are  noted.  The  CV  curvature  of  the  as-deposited  film 
displays  one  small  and  one  remarkable  reduction  peaks  around 
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Fig.  5.  First  3  cycles’  cyclic  voltammetry  of  (a)  the  non-aligned  and  (b)  the  well-aligned  nanorods  containing  Cu-Si  thin  films. 


0.25  V  and  0.1  V  respectively.  These  peaks  demonstrate  the  lith- 
iation  of  Si02  and  nano-sized/amorphous  Si  particles  during  the 
first  discharge  reaction,  respectively.  Then,  during  the  extraction  of 
Li+,  two  anodic  peaks  (around  0.3  and  0.5  V)  showing  the  partial 
recovery  of  Si  particles  form  the  LixSi  particles  are  detected  on  the 
surface  of  the  electrode  [25  .  In  this  regard,  it  is  reasonable  to 
consider  that  a  reduction  peak  indicating  the  SEI  formation  on  the 
anode  surface  is  included  in  the  cathodic  peak  around  0.1  V,  since 
the  intensities  of  cathodic  peaks  are  decreased  in  following  cycles. 
This  decrease  in  peak  intensities  might  prove  the  prevalence  of  an 
irreversible  reaction  on  the  electrode  surface,  in  the  presence  of  SEI 
film  (Fig.  5b). 

When  Fig.  5b  is  examined  in  detail,  a  decrease  in  the  intensity  of 
the  sharp  peak  around  0.1  V  and  the  formation  of  an  additional 
peak  around  0.2  V  in  the  following  cycles  are  noticed.  The  possible 
phase  change  of  the  nanostructured  Si  thin  film  might  explain  this 
additional  peak  formation  [32  . 

When  the  current  intensities  appeared  on  the  CV  profiles  of  both 
films  after  the  1st  and  3rd  cycles  are  compared,  a  significant 
reduction  of  cathodic  peaks  is  clearly  seen.  Xianhua  et  al.  [33] 
indicate  that  among  all  Li-Si  intermetallics,  the  ones  having  less 
Li  (LiSi,  Li^Siy)  have  the  highest  formation  energy,  thus  the  highest 
stability  compared  to  others  (Equations  (2)  and  (3)).  Once,  one  of 
these  Li  deficient  intermetallics  are  formed  (LiSi,  Li^Siy),  it  will  be 
difficult  to  dissociate  them  due  to  their  high  stability  [34]. 

xLi  +  Si(crystaiiine)  +  xe  — ►  LixSi^morphous)  (2) 

LixSi(amorphous)  —  y) Li  +  LiySi(amorpilouS)  +  (x  —  y)e  (3) 

Fig.  6a  and  b  shows  the  reversible  capacity  delivered  by  the 
electrodes.  The  curves  are  typical  for  the  reaction  of  Si  with  Li, 
which  suggest  that  Cu  is  inactive  versus  Li+  [35].  In  the  1st  cycle 
both  anodes  perform  a  large  amount  of  irreversible  capacity.  The 


lower  irreversible  capacity  loss  noted  in  following  cycles  reflects 
that  the  irreversible  reaction  mainly  takes  place  in  the  1st  cycle. 
Knowing  that  all  the  reduction  reactions  above  0.8  V  decomposes 
the  electrolyte,  the  change  in  slope  appeared  around  0.8  V  (versus 
Li/Li+)  is  likely  associated  to  SEI  formation,  which  may  account  for 
some  portion  of  the  irreversible  capacity  (200  mAh  g'1  for  the  non- 
aligned  and  880  mAh  g-1  for  the  well-aligned  nanorods  containing 
thin  films). 

Fig.  6a  and  b  also  exhibit  a  small  slope  at  0.8  V  in  the  2nd-5th 
cycles.  This  outcome  is  in  agreement  with  the  CV  test  results  where 
the  prevalence  of  SEI  is  highlighted.  Therefore,  the  formation  of  the 
SEI  layer  is  very  critical.  Although  it  causes  a  drastic  reduction  in  the 
charge  consumption  at  the  beginning,  it  enhances  the  reversibility 
of  lithium  intercalation/deintercalation  reactions  (93%  and  99% 
coulombic  efficiency  for  the  non-aligned  and  well-aligned  thin 
films,  respectively).  Another  reason  for  a  drastic  reduction  in  the 
capacity  (around  40%  coulombic  efficiency),  besides  SEI  layer, 
trapped  Li+  in  the  two  phase  regions  as  a  result  of  the  lithiation 
reactions  of  Si  nano-sized  crystals  or  an  irreversible  formation  of 
Li+  deficient  Si  phases  depending  on  the  cell  potential  33,34]. 

Furthermore,  EIS  spectra  of  both  films  show  one  semi-circle  at 
high  frequency  region  (Fig.  7a  and  b),  which  shows  the  adsorption 
of  Li+.  Moreover,  the  information  on  the  transport  of  the  adsorbed 
species  along  the  structure  might  be  obtained  by  examining  the 
curvature  shape  in  the  smaller  frequency  range  [36  .  In  addition, 
the  existence  of  the  upward  slope  at  the  low  frequency  region  also 
provides  information  on  Li+  diffusion  into  the  anode  material.  In 
view  of  that,  a  comparative  EIS  analysis  of  both  electrodes  is 
accomplished.  On  the  1st  cycle  EIS  data  of  the  thin  film  with  no 
alignment  in  its  structure  shows  low  Li+  diffusion  since  the 
capacitive  behavior  limits  Li+  reaction  with  the  film  surface,  which 
in  turn  deviates  the  slope  at  low  frequency  region  far  away  from 
45°.  When  the  capacitive  behavior  of  the  non-aligned  anode  is 
distorted  due  to  high  volumetric  change,  an  inclined  slope  with  45° 
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Fig.  6.  Voltage  profiles  of  (a)  the  non-aligned  and  (b)  the  well-aligned  nanorods 
containing  Cu-Si  thin  films  for  the  first  5  cycles,  with  50  mA  g-1  current  rate. 


is  found  in  Fig.  7a,  which  demonstrates  that  very  limited  amount  of 
Li+  starts  to  diffuse  through  the  films  after  the  25th  cycles.  On  the 
other  hand,  the  slopes  seen  on  the  EIS  data  of  the  1st  and  the  25th 
cycles  of  the  well-aligned  nanorods  containing  thin  film  (at  low 
frequency  region)  are  close  to  45°,  justifying  that  Li+  can  diffuse 
through  the  bulk  material  during  the  whole  cycle  test.  Plus,  the 
comparison  in  the  arc  diameter  of  both  films  after  the  1st  and  the 
25th  cycles  displays  a  decrease.  It  is  possible  to  explain  this  change 
considering  the  “electrochemical  grinding”  which  is  resulted  from 
Ref.  [37]  the  low  mechanical  resistance  of  the  thin  film  against  the 
high  volumetric  change  in  cycling.  In  this  regard,  once  the  average 
particle  size  is  reduced  in  the  films;  the  surface  area  of  the  anode  is 
increased.  The  high  surface  area  upturns  the  current  passes  in  the 
cell  and  decreases  the  impedance  detected  from  the  anode.  In  this 
case,  the  Li+  diffusion  becomes  easier  and  a  better  capacity  utili¬ 
zation  occurs  with  a  higher  columbic  efficiency.  Moreover,  a 
decrease  in  the  impedance  of  both  electrodes  in  further  cycles  also 
proves  the  presence  of  the  “SEI  glue  effect”,  which  provides  elec¬ 
trical  conduction  among  the  electrochemically  grounded  particles, 
resulted  from  the  high  volume  changes.  Since  no  binder  is  used 
during  the  electron  beam  deposition  process,  a  possible 


delamination  of  the  small  particles  from  the  current  collector  is 
mostly  prevented  due  to  the  “SEI  glue  effect”  which  makes  the  SEI 
formation  critical  for  the  electrochemical  behaviors  of  the  porous 
composite  films.  Fig.  8a  and  b  demonstrates  the  XPS  analyses  of  the 
pristine,  the  1st  discharged  and  the  1st  charged  samples  of  both 
electrodes.  It  should  be  underlined  that  the  absence  of  the  binder  in 
these  anodes  allows  for  a  more  straightforward  analysis  of  the  SEI 
formation  and  the  changes  in  the  anodes’  surfaces. 

The  XPS  spectra  show  some  changes  on  both  electrodes’ 
surfaces  after  the  1st  discharge  and  the  1st  charge  reactions 
(Fig.  8a  and  b).  On  the  pristines;  the  C  peak  associated  with  the 
universal  contamination,  Si  and  Cu  peaks  are  also  detected.  In 
addition,  XPS  spectra  of  Si2p  show  the  presence  of  Si02  and  Si(II) 
on  the  top  layer  of  the  non-aligned  and  well-aligned  nanorods 
containing  electrodes  respectively.  These  peaks  disappear  by 
sputtering  the  surfaces  with  Ar+  for  5  min.  Moreover,  the  well- 
aligned  structured  pristine  anode  demonstrates  Cu(OH)2  pres¬ 
ence  on  the  top  layer. 

When  the  first  discharged  samples  of  both  thin  films  are 
investigated,  XPS  analyses  reveal  no  Si  or  Cu  peaks,  which  proves 
that  the  SEI  layer  is  thick  enough  to  cover  the  electrode  surface,  and 
also  SEI  does  not  contain  metallic  Si  at  discharged  state.  Besides, 
when  the  SEI  layer  composition  is  investigated  deeply  on  the  dis¬ 
charged  electrodes,  XPS  analyses  reveal  Li-F,  C-F,  Li-C03,  O— C=0, 
C-C  and  C=0  peaks  on  their  data.  Plus,  a  peak  associated  to  M-0 
presence  is  also  detected  on  thin  films  surfaces. 


Fig.  7.  Electrochemical  impedance  spectroscopy  of  (a)  the  non-aligned  and  (b)  the 
well-aligned  nanorods  containing  Cu-Si  thin  films  after  the  1st  and  the  25th  cycles. 
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Fig.  8.  XPS  spectra  of  Cu  2p,  Si  2p,  Li  Is,  and  FIs  peaks  of  (a)  the  non-aligned  and  (b)  the  well-aligned  Cu-Si  electrodes  as  pristines,  after  the  first  discharge  and  charge  reactions. 


Upon  cycling,  Cls  and  Lis  spectra  show  some  differentiation  on 
both  electrodes.  The  disappearance  of  0-C=0  peaks  on  both 
charged  anodes  indicates  the  decomposition  of  lithium  carbonate 
species  under  the  charging  process  since  Cls  peak  at  290.1  eV  is 
assigned  to  the  carbonate  containing  functionalities  [38-40]. 
However,  the  prevalence  of  C-C,  C-O,  C=0  peaks  justifies  the 
presence  of  the  SEI  layer  on  both  charged  anodes.  In  this  sense, 
Schroder  et  al.  [38  who  deeply  investigate  those  peaks  seen  on  Cls 
spectra  of  Si  anode,  indicate  that  Cls  peaks  detected  around  285.5- 
289  eV  (C-C,  C-0  and  0-C=0)  might  demonstrate  the  presence  of 
PEO  (polyethylene  oxide)  or  ether  functionalities  or  lithium  alk- 
oxides  formed  on  the  charged  anode.  These  compounds  could  be 
derived  from  a  one  electron  reduction  of  DEC  or  EC  or  carbonate 
products,  which  are  further  reduced  to  form  ether,  alkoxide,  ester, 
carboxylate  and  the  lithium  oxide  products  of  the  SEI  present  on 


the  anode.  In  addition,  Fig.  8a  and  b  also  reveal  small  amounts  of  Cu 
peaks  on  both  charged  anodes  and  no  metallic  Si  peaks  are  noted 
[30-32].  In  addition,  Si  is  present  in  the  oxide  film  as  Si2+  and  Si4+, 
representing  that  the  SEI  has  some  products  containing  Si2+  and 
Si4+  based  materials  such  as  LixSiOy  (LUSiOzi,  L^SiCU,  L^S^Oy)  [33], 
which  is  resulted  from  the  irreversible  reaction  of  Si02  with  lithium 
upon  discharge.  Kim  et  al.  [31  justify  the  presence  of  these  com¬ 
pounds  by  using  solid-state  29Si-  and  7Li-nuclear  magnetic  reso¬ 
nance  (NMR)  methods  and  explain  their  formation  considering  the 
irreversible  capacity  lost  of  the  electrode  during  cycling. 

Our  XPS  findings  (Fig.  8a  and  b)  are  similar  to  those  previously 
reported  for  the  Si  thin  film,  Si  nanowires,  and  Si  nanoparticles. 
They  reveal  that  the  SEI  is  primarily  composed  of  the  electrolyte 
reduction  products  and  contains  low  amount  of  Si  due  to  irre¬ 
versible  reactions.  The  amount  of  Cu  in  the  thin  films  seems  to  have 
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no  effect  on  the  SEI  film  formation  as  it  is  inactive  to  Li+.  Hence,  it  is 
believed  that  the  role  of  Cu  on  the  electrochemical  performance  of 
the  anodes  is  mostly  a  “buffering”.  The  XPS  analyses  are  fully  in 
agreement  with  the  results  of  the  electrochemical  analyses 
(Figs.  5a,  b  and  6a,  b).  The  SEI  composition  is  independent  of  the 
thin  film  morphology  and  depends  mostly  on  the  electrolyte  con¬ 
centration  and  its  additives.  In  our  study,  as  we  use  a  LiPF6-EC  based 
electrolyte,  the  XPS  data  of  both  electrodes  are  similar.  Once  the  SEI 
forms,  it  prevails  on  the  electrode  in  the  subsequent  cycles  and 
suppresses  the  pulverization  of  small  Si  particles  due  to  its  “glue 
effect”.  Nie  et  al.  [41  observe  the  SEI  formation  on  the  Si  anode 
surface  after  several  cycles  by  TEM  analyses,  which  are  also  in  line 
with  our  observations. 

Fig.  9a  and  b  displays  the  capacity-cycle  performance  of  the 
non-aligned  and  the  well-aligned  Cu-Si  thin  films’  along  with 
their  coulombic  efficiencies.  The  capacity  value  in  the  graph  is 
calculated  based  on  the  active  material  present  in  the  thin  films. 
Thus,  when  the  theoretical  capacities  of  the  films  based  on  EDS 
quantification  are  calculated  3579  x  0.77  =  2755.8  and 
3579  x  0.82  =  2934.7  mAh  g  1  for  the  non-aligned  and  the  well- 
aligned  nanorods  containing  Cu-Si  thin  films,  respectively 
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Fig.  9.  Discharge  capacity,  charge  capacity  and  Coulombic  efficiency  are  plotted  as  a 
function  of  cycle  numbers  for  (a)  the  non-aligned  and  (b)  well-aligned  nanorods 
containing  Cu-Si  thin  films. 


(3579  mAh  g-1  is  the  theoretical  capacity  of  Si  assuming  the  for¬ 
mation  of  Li3.75Si  and  the  fractions  are  those  provided  in  Table  1). 
From  these  values,  it  is  possible  to  rationalize  that  the  use  of  OAD  is 
very  important  to  produce  high  electrochemical  performance  Cu- 
Si  thin  film,  since  even  both  films  have  the  same  composition,  for 
the  non-aligned  composite  thin  film  950  mAh  g_1  is  measured  as 
the  first  discharge  capacity  value,  which  represents  34%  of  its 
theoretical  capacity;  whilst  with  OAD  method  2600  mAh  g-1  is 
measured  initially  for  the  well-aligned  structured  anode,  which  is 
89%  of  its  theoretical  capacity. 

The  low  initial  discharge  capacity  value  (950  mAh  g-1)  of  the 
non-aligned  Cu-Si  thin  film  might  result  from  the  limited  reactions 
of  Li+  with  the  active  material  (as  shown  in  Fig.  6a,  the  capacitive 
effect  of  the  thin  film  restricts  the  lithiation  of  the  electrode  by 
surface  reactions  due  to  its  non-aligned  morphology),  and  the 
irreversible  reaction  of  Li+  with  Si  and  SiC>2  nano-sized  particles 
present  on  the  electrode  surface.  On  the  other  hand,  the  high  first 
discharge  capacity  of  the  well-aligned  Cu-Si  thin  film  can  be 
justified  considering  the  presence  of  amorphous  particles,  which 
provides  a  high  accessible  surface  area  for  Li+  to  react  with  Si  and 
lead  to  form  homogeneously  distributed  porosities  to  suppress  the 
volumetric  change  occurred  during  lithiation/delithiation. 

When  the  cycleability  of  the  electrodes  is  compared,  it  is  seen 
that  the  non-aligned  thin  film  delivers  200  mAh  g-1  with  98% 
coulombic  efficiency,  upto  60  cycles.  Then,  the  sample  is  failed,  due 
to  the  delamination  of  the  thin  film,  resulted  from  the  uncovered 
volumetric  changes.  On  the  other  hand,  the  well-aligned  nanorods 
performs  550  mAh  g-1  during  100  cycles,  with  approximately  99% 
Coulombic  efficiency.  This  improved  cycleability  of  the  thin  film  can 
be  related  to  the  morphological  and  structural  particularities. 

While  the  existence  of  Si02  and  nano-sized  Si  crystals  adversely 
effects  the  electrochemical  performance,  the  non-aligned  layer 
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Fig.  10.  FE-SEM  images  of  (a)  the  non-aligned  and  (b)  the  well-aligned  nanorods 
containing  aligned  Cu-Si  thin  film,  after  cycling  test. 
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Fig.  11.  An  in-situ  electrochemical  dilatometer  result  for  the  well-aligned  nanorods  containing  Cu-Si  thin  film. 


prior  to  nanorods,  amorphous  particles,  Cu  atoms  and  homoge¬ 
nously  distributed  porosities  improve  the  performance.  As 
mentioned  previously,  during  lithiation  nano-sized  Si  crystals  form 
a  two  phase  region  leading  to  a  high  internal  stress  in  the  thin  film, 
which  causes  some  amount  of  Li+  trapped  in  the  anode;  but  then, 
the  reaction  of  amorphous  particles  with  Li+  results  in  the  forma¬ 
tion  of  an  amorphous  lithiated  Si  compounds  (one  phase),  which  in 
turn  augments  the  cycle  reversibility.  Moreover,  Cu3Si  in- 
termetallics  formed  as  a  result  of  the  co-evaporation  of  Cu  with  Si 
buffer  the  mechanical  stress  occurred  during  the  lithiation  process 
and  increase  the  electrical  conductivity  among  particles.  Further¬ 
more,  the  presence  of  the  homogenously  distributed  nano-sized 
porosities  decreases  the  polarization  and  increases  the  mechani¬ 
cal  tolerances  of  the  thin  film.  In  addition,  the  existence  of  this 
primarily  deposited  non-aligned  layer  that  works  as  a  transition 
zone  between  the  substrate  and  the  composite  nanorods,  promotes 
the  adhesion  of  the  thin  film  to  the  current  collector.  And  finally,  the 
SEI  layer  “glue  effect”  gathering  all  the  small  electrochemically 
grounded  particles  of  the  thin  film  together  could  also  explain  the 
remarkable  electrochemical  performance  of  the  well-aligned  elec¬ 
trode  for  100  cycles. 

Herein,  it  is  worth  to  note  that  even  though  the  first  discharge 
capacities  of  the  electrodes  are  different,  both  perform  similar 
initial  coulombic  efficiencies  around  40%.  The  Li+  trapping  in  the 
thin  film  electrode,  the  SEI  covering  the  anode  surface  or  the  Li+ 
deficient  intermetallics  formation  after  the  first  lithiation  causing 
irreversible  reactions  with  Si  could  explain  this  low  coulombic 
efficiency.  The  development  of  the  SEI  on  the  well-aligned  Cu-Si 
nanorods  containing  thin  film  could  be  rationalized  considering 
its  AFM  analysis  result.  Because  Fig.  3b  shows  clearly  that  the 
presence  of  nanorods  in  the  thin  film  increases  the  surface 
roughness  that  enhances  the  surface  reactivity  of  the  electrode, 
leading  to  promote  the  reaction  of  the  thin  film  with  the 
electrolyte. 

Fig.  10a  and  b  demonstrates  SEM  views  of  both  thin  films  after 
the  cycling  test.  The  images  reveal  that  in  the  case  of  the  non- 
aligned  Cu-Si  thin  film,  a  severe  delamination  is  clearly  detected 
leading  to  a  short  cycle  life  (60  cycles)  (see  Fig.  10a),  whilst  on  the 
well-aligned  nanorods  containing  composite  thin  film,  small  sized 
cracks  are  formed  with  partial  electrochemical  grinding  (see 
Fig.  10b). 


To  verify  our  explanation  about  the  improved  electrochemical 
behavior  of  the  well-aligned  Cu-Si  nanorods  containing  thin  film, 
an  in-situ  electrodilatometric  measurement  is  undertaken,  where 
the  volumetric  change  versus  time  and  the  ambient  temperature 
are  registered  during  the  galvanostatic  test  (Fig.  11). 

So  far,  numerous  works  have  been  made  on  the  volumetric 
change  of  the  anodes  by  utilizing  dilatometric  analysis.  Among 
them,  in  2009,  Camer  et  al.  [35]  produce  Si  and  Si/C  composite 
anodes  using  powder  metallurgy.  The  results  show  that  the  com¬ 
posite  electrodes  have  better  capacity  retention  than  that  of  pure 
nano  Si.  In  2011,  Jeong  et  al.  [42  produce  Si  based  anodes  having 
various  porosity  levels  by  using  PMMA  (polymethyl  methacrylate) 
as  a  pore-forming  agent  and  display  the  volumetric  changes 
occurred  in  those  anodes  during  cycling  test.  They  found  that  the 
generation  of  additional  pores  alleviates  the  movement  of  Si- 
alloyed  particles.  A  breakdown  in  the  electrical  network  of  the 
electrode  makes  an  improvement  in  cycle  performance.  So  far, 
there  is  no  work  in  literature  where  the  volumetric  changes  of  a 
well-aligned  nanostructured  composite  thin  film  anode  formed  via 
OAD  method  has  been  made  by  using  in-situ  electrochemical 
dilatometry. 

It  is  worth  to  note  that,  main  factors  for  volumetric  changes  in  Si 
based  anodes  are  composition  and  porosity.  During  the  experi¬ 
ment,  the  sample  having  the  composition  of  90%at.Si,  10%at.Cu  and 
the  thickness  of  ~100  nm  is  analyzed.  Knowing  that  this  well- 
aligned  thin  film  is  made  of  nano-sized  particles  and  amorphous 
structure  (Fig.  3),  the  expansion  is  expected  to  be  isotropic.  Thus, 
the  measured  height  change  is  believed  to  show  the  volumetric 
change  in  the  thin  film  during  the  cycle  test.  The  initial  decrease  in 
the  height  value  noted  in  Fig.  11  during  the  rest  period  is  due  to  the 
creeping  of  the  dilatometer  itself. 

The  potential  profile  and  the  simultaneous  dilatation  track 
recorded  during  the  first  lithiation  show  that  the  observed  poten¬ 
tial  slopes  may  be  attributed  to  the  stoichiometry  domains  of  pure 
intercalation  phases,  while  the  potential  plateaus  are  related  to  the 
co-existence  of  two  phases.  Consequently,  electrode  swelling 
should  primarily  occur  during  the  potential  plateaus,  and  the 
associated  height  change  can  be  calculated  accordingly.  Here,  it  is 
assumed  that  the  volume  expansion  is  accommodated  by  the 
height  change  since  lateral  expansion  is  prevented  by  the  substrate. 
Thereby,  Fig.  11  displays  that  during  the  1st  cycle,  the  formation  of 
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SEI  layer  (around  0.8  V),  the  lithiation  of  Si02  (around  0.25  V)  and  Si 
(<0.2  V)  particles,  all  cause  swelling  of  the  electrode.  However,  it  is 
seen  that  the  height  change  generated  during  the  formation  of  SEI 
and  the  low  density  lithium  silicates  (LixSiOy)  followed  by  the 
lithiation  of  Si02  particles  form  less  volume  expansion  [31  . 

Moreover,  by  analyzing  the  dilation  behavior  of  the  electrodes, 
reversibility  in  the  dimensional  change  in  each  cycle  is  observed. 
The  height  change  of  the  electrode  proves  that  the  expansion 
occurred  in  the  first  discharged  reaction  is  not  recovered  totally  by 
the  electrode  during  the  initial  delithiation.  This  fact  justifies  that 
some  amount  of  Si  particles  embedded  in  the  thin  film  during 
discharge  and  can  not  be  recovered  during  charge  reaction,  leading 
to  a  low  coulombic  efficiency.  As  explained  previously,  the  forma¬ 
tion  of  SEI  or  highly  stable  LixSi  (or  lithium  silicates)  phases  or  Li 
trapping  in  the  electrochemically  grounded  thin  film  could  be 
reasons  for  this  low  coulombic  efficiency.  The  electrode  displays  a 
stable  dilation  behavior  only  after  the  3rd  cycles,  reflecting  that  this 
volume  change  is  associated  with  the  lithiation  and  delithiation  of 
Si  particles  during  cycling  test.  Because  the  formation  of  LixSi  par¬ 
ticles  having  lower  densities  [31  ]  induces  more  stress  in  the  thin 
film,  which  in  turn  increases  the  height  of  the  thin  film  at  dis¬ 
charged  state.  Herein,  it  is  highly  believed  that  unlike  Si  electrodes, 
the  residual  dilation  state  at  the  end  of  the  3rd  cycle  is  reduced  due 
to  the  presence  of  copper  and  homogeneously  distributed  poros¬ 
ities  in  the  thin  film  [42  . 

In  addition,  the  change  of  the  height  versus  the  ambient  tem¬ 
perature  is  also  observed  in  Fig.  11,  where  a  remarkable  correlation 
between  the  temperature  change  and  the  dilatation  is  noted.  This 
thermal  expansion  is  mainly  that  of  the  dilatometer  itself,  rather 
than  that  of  the  film,  which  justifies  our  sensitivity  to  keep  the 
temperature  stable  during  the  experiment. 

When  necessary  calculation  is  done  a  height  drift  of  6.5  nm  h  1 
is  found  through  the  electrochemical  dilatometer  analysis,  which 
proves  that  200%  volumetric  change  occurs  when  the  well-aligned 
nanorods  containing  Cu-Si  thin  film  is  used  as  anode  material  in 
LIB.  The  presence  of  Cu  and  homogeneously  distributed  porosities 
presence  are  believed  to  be  reasons  for  this  remarkable 
performance. 

The  result  of  ECD-nano  test  justifies  the  reason  of  the  low  initial 
coulombic  efficiency  of  the  nanostructured  electrode  and  demon¬ 
strates  that  compared  to  that  of  pure  Si  film  [43],  an  improvement 
in  the  volumetric  expansion  is  achieved  when  a  well-aligned 
nanorods  containing  Cu-Si  thin  film  is  used  as  anode  in  LIB. 

4.  Conclusion 

In  this  study,  we  demonstrate  that  the  well-aligned  Cu-Si 
nanorods  containing  thin  film  can  be  fabricated  by  a  practical 
method  called  OAD  in  an  e-beam  physical  vapor  deposition  system. 
Outcomes  of  the  study  are  summarized  as  follows: 

-  The  use  of  OAD  is  very  important  to  produce  high  electro¬ 
chemical  performance  Cu-Si  thin  film,  since  even  both  films 
have  the  same  composition,  for  the  non-aligned  composite  thin 
film  950  mAh  g-1  is  measured  as  the  first  discharge  capacity 
value,  which  represents  34%  of  its  theoretical  capacity;  whilst 
with  OAD  method  2600  mAh  g_1  is  measured  initially,  which  is 
89%  of  its  theoretical  capacity. 

-  XPS  analyses  verify  that  the  reduction  reaction  of  the  electrolyte 
on  the  anode  surface  occurs  for  both  anodes.  The  repeated 
volume  expansion  and  contraction  of  the  nanoparticles  in 
further  cycles  results  in  significant  increases  in  the  concentra¬ 
tion  of  the  electrolyte  decomposition  products  and  conse¬ 
quences  remarkable  changes  in  the  silicon  containing 
nanoparticles  properties.  The  changes  in  the  surface  properties 


of  the  thin  film  electrodes  are  reflected  as  a  continuous  decrease 
in  the  capacity  performance  of  the  anodes  in  initial  cycles,  and 
then  stabilization  is  noticed  when  the  oxide  film  is  well  estab¬ 
lished  at  the  electrode-electrolyte  interface. 

-  A  6.5  nm  h  1  average  height  drift  was  detected  by  electro¬ 
chemical  dilatometer  (ECD-nano)  for  initial  cycles  of  the  well- 
aligned  Cu-Si  nanorods  containing  thin  film.  The  height 
change  versus  cell  voltage  displays  that  during  the  1st  cycle,  the 
formation  of  SEI  layer  and  the  lithiation  of  SiC>2  and  Si  particles, 
all  cause  swelling  of  the  electrode.  However,  it  is  seen  that  the 
height  change  generated  during  the  formation  of  SEI  and  the 
low  density  lithium  silicates  (LixSiOy)  followed  by  the  lithiation 
of  Si02  particles  form  less  volume  expansion,  compared  to  that 
of  the  Si  particles. 

-  Larger  particle  size  with  highly  crystalline  particles  and  the 
absence  of  porosities  in  the  non-aligned  thin  film  deliver  poor 
electrochemical  performance.  Cu  atoms,  amorphous  and  nano¬ 
sized  Si  based  particles  presence  forming  the  aligned  nano¬ 
rods  which  generate  homogenously  distributed  nano-sized 
porosities  as  interstitial  spaces  among  them  are  the  major  rea¬ 
sons  for  the  improved  cycleability  of  the  aligned  anode  material. 
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